We investigate the dynamical behavior of optical Fabry-Perot resonators consisting of LiNbO 3 slabs (x and c cut) that are coated with different (absorbing or lossless) dielectric multilayers deposited on both sides of the slabs. Bistable switching is observed experimentally. The buildup of beam fanning with time leads to destructive interference for a portion of the incident beam, inducing a change in absorption and heating, hence to switching off. As a result, self-pulsations appear whose frequency depends strongly on the input light intensity, the spot size, and the focusing. Switching and self-pulsations are not observed in the case of lossless coatings or for bare LiNbO 3 slabs, although strong photorefractive beam fanning is still present. We also study the influence of the incident-beam characteristics (width and focusing) on the beam-fanning process and the pulsating behavior.
INTRODUCTION
LiNbO 3 is a classical photorefractive material.
1,2 When a focused incident laser beam (an Ar ϩ or a He-Ne laser) falls upon an uncoated LiNbO 3 slab, we observe a typical beam-fanning effect, i.e., a single incident beam of light generates a fanned-out profile of scattering. The beam fanning originates from energy coupling between the incident beam and the scattered beam. Scattering occurs because of surface roughness, refractive-index inhomogeneity, impurities in solids, and so forth. 3 The scattered beam will overlap with the incident one even if it has a finite transverse cross section. Because the scattered beam has a large number of spatial components, this overlap leads to the formation of a large number of photoinduced gratings. Depending on the crystal orientation, some of the spatial components may be amplified by the incident beam as a result of the power transfer in twobeam coupling. Even with quite low initial scattering the amplified light can be quite significant. For a laser beam of moderate power the scattered light increases over time and eventually reaches a steady-state scattering pattern. 3 The question of whether beam fanning is caused by amplified noise 4 or by amplified spatial frequencies of the beam itself 5 is still open. Brown and Valley 6 numerically demonstrated a beamfanning effect by modeling the propagation of two Gaussian beams through a two-dimensional photorefractive medium with and without internal scattering (noise). They obtained the angular distribution of the field for different penetration depths into the photorefractive medium by taking the Fourier transform with respect to the transverse coordinate. A pronounced widening of the angular spectrum was found for noisy media.
A numerical study 7 was also performed in which many pairs of two-wave-mixing interactions were taken into account to model the time development of the fanning effect. The angular profile of the fanning dynamics revealed that the amplitudes of the higher-angular components grew slower over time until a stationary pattern was formed.
In more recent papers 8,9 the rigorous coupled-wave diffraction theory was used to simulate the exact dynamical behavior of two-wave and multiwave mixing in photorefractive materials. The influence of the refractive-index mismatch, the ratio of the incident signal-to-pump amplitudes, and the length of the crystal on light diffraction was demonstrated. This time-dependent approach demonstrated that the dynamical behavior (oscillatory or nonoscillatory and even possibly chaotic) depended critically on the sample length.
In this paper, we investigate beam-fanning effects in a photorefractive medium (LiNbO 3 ) inside a nonlinear Fabry-Perot resonator. Nonlinear resonators have been studied extensively in the field of digital optical processing. [10] [11] [12] [13] [14] [15] Different interference-filter constructions that act as bandpass filters, 10,11 bistable etalons with absorbed transmission, 12 and double-half-wave filters 15 have been examined. In each of these structures part of the incident light is absorbed, which generates a temperature rise inside the filter and modulates the optical constants of the thermo-optic nonlinear layers. In this way, internal feedback is realized, and the wellknown phenomenon of thermal optical bistability is observed. [16] [17] [18] [19] [20] One way to control the polarization state of the emerging light is to include anisotropy within the optical cavity. Polarization-sensitive resonators open up new perspectives on polarization optical bistability and polarization switching and routing. [21] [22] [23] [24] Such devices can be implemented as logic gates in polarization-based optical processors in which the information is encoded and controlled by use of the vectorial character of light. [22] [23] [24] [25] The behavior of different polarization-bistable anisotropic interference filters (with and without heat sinks) has been investigated experimentally, 26 confirming the existence of polarization-driven all-optical bistability. The stationary results show good agreement with the numerical predictions obtained by a coupled thermo-optic multilayer model. 27 The introduction of both photorefractive and absorbing materials inside the cavity essentially modifies the dynamical response of the resonator because, even at relatively low incident powers (10-100 mW), the thermo-optic effect and the photorefractive effect take place simultaneously. The aim of this paper is to present new experimental results on the dynamical behavior of interference structures with a photorefractive central layer and to point out possible ways of describing this behavior.
EXPERIMENTAL RESULTS
We investigate structures of the type
where the layers H (ZnS) and L (Na 3 AlF 6 ) are nonabsorptive quarter-wave (either at Ar ϩ or He-Ne laser wavelengths) layers with high and low refractive indices, respectively, N is an integer that represents the number of (HL) periods in the stack (N ϭ 2 or N ϭ 3), and (mM) represents the absorptive (ZnSe, m ϭ 8) or the nonabsorptive (ZnS, m ϭ 1) m-multiple quarter-wave layer. The LiNbO 3 slabs are c or x cut with a thickness of 0.7-1.0 mm. The surrounding medium is air (n ϭ 1). Filters with different numbers of periods N are manufactured to compare the influence of mirror reflectivity. The two (mM) layers can be either absorptive or lossless to clarify the influence of self-heating. Samples with a glass plate (ϳ1.0 mm thick) instead of a LiNbO 3 slab that have a similar finesse are also manufactured to clarify the role of photorefractivity.
The presence of absorptive layers on both sides of the central layer leads to a temperature change that is proportional to the absorbed optical power. The consequent changes in the optical thicknesses in the multilayer are determined by the temperature distribution and depend on the amount of power absorbed during the characteristic time for thermoconduction. This characteristic time depends on different parameters (the specific thermocapacity, the medium density, the coefficient of thermoconductivity, and the radius of the incident laser beam). Experimentally, all-optical bistable switching is observed in our structures. The hysteresis width depends on the polarization orientation of the incident linearly polarized light as well as on the orientation of the anisotropic medium. It also depends on the angle of incidence. 28 Selfpulsations of the transmitted intensity I out are observed experimentally for a constant input intensity I in from an Ar ϩ laser (ϭ514.5 nm). Figure 1 shows the transmitted light intensity plotted as a function of the input intensity. The appearance of self-pulsations in the switched-on state is clearly visible. In Fig. 2 different types of self-pulsations are shown for a constant input intensity.
Such types of self-pulsation with a frequency of 1-2 Hz for similar experimental conditions and input intensities have been observed many times. Their shape depends strongly on the input intensity, the focusing f, the angle of incidence , and the reflectivity of the resonator (N ϭ 2 or N ϭ 3). Because of this high sensitivity to the experimental conditions, it is difficult to reproduce a particular type of self-pulsation.
In Fig. 3 a set of frames shows a typical space distribution of transmitted light during self-pulsations. Two cycles of self-pulsations are captured with a CCD camera over the course of 2 s. In frames 8 and 23 the moment of the switching ON (the high-transmission state) is clearly visible. Afterward the transmitted light spot stretches along the c axis of the LiNbO 3 crystal, which causes a gradual decrease in the transmission and passage into the switched-off state (the low-transmission state). The sample is irradiated with extraordinary-polarized light of I in ϳ 100 mW from an Ar ϩ laser with ϭ514.5 nm. The spatiotemporal behavior of the transmitted light shows that self-pulsations are observed in only filters with LiNbO 3 x-cut slabs. To further prove this observation, we examine bare LiNbO 3 samples.
An uncoated LiNbO 3 slab with a thickness of 0.7 mm is illuminated with extraordinary-polarized light from a He-Ne laser (I in ϭ 2 mW). Figure 4 shows a photograph of the beam-fanning profile on a screen that is 40 mm behind the sample for normal incidence. The beam is focused through a lens with a focal length of f ϭ 70 mm.
The frames shown in Fig. 5 illustrate the time development of the beam-fanning profile on a screen that is positioned 80 mm behind the sample at normal incidence. The beam is focused through a lens of f ϭ 250 mm. It can be seen that the time development of the profile is completed in approximately 20 s under these conditions. The beam profile is continuously being stretched along the crystal's c axis in a manner that is symmetrical relative to the initial spot of the beam. In the case of tight focusing (Fig. 4) , the stretching is more pronounced, and the beam splits into two spots.
The same kind of symmetrical beam-fanning patterns, whose size depends on the beam waist and the power, were shown by Liu et al. 29 They analyzed steady-state (Gaussian) beam fanning in LiNbO 3 (from the nonlinearly coupled Kukhtarev equations) by including both diffusive and photovoltaic effects and by heuristically adding thermal effects into the calculation. The overall induced refractive-index change, ⌬n(x, y, z), for extraordinarypolarized light is expressed 29 (if one dominant electrostatic field along the c axis from the photovoltaic effect is assumed) by
where n c is the extraordinary refractive index, r 33 is the relevant electro-optic coefficient, (dn/dT) is the thermooptic coefficient, and the subscripts DIFF, PV, and TH denote diffusive, photovoltaic, and thermal, respectively. By solving four coupled equations, Liu et al. 29 showed that the diffraction and the thermal effects modify the beam in both transverse dimensions, whereas the diffusive and the photovoltaic effects occur along only the optic axis. Their experimental and numerical results show an approximately symmetric far-field intensity profile because the dominant refractive-index changes that result from the photovoltaic and the thermal effects are symmetric. In addition, both the photovoltaic effects and the thermal effects increase with the light intensity.
Our subsequent experiments were performed with coated (absorbing and lossless) LiNbO 3 c-and x-cut slabs. Absorbing (8-multiple quarter-wave) layers were formed to create enough heat to obtain low-power bistable switching. The reason for using the various samples is to understand the origin of the observed self-pulsationsthermal, photorefractive, or a combination of the two.
Bistable switching (and self-pulsations) were not obtained for uncoated samples or for samples with nonabsorbing layers, even for the case of LiNbO 3 x-cut slabs in which significant beam-fanning effects were present. These experiments show that the level of internal feedback is not sufficient to cause all-optical switching, i.e., beam fanning, by itself, does not cause optical bistability in the considered structures.
In the case of absorbing layers on a slab of glass or c-cut LiNbO 3 , only bistable switching was observed by our continually changing either the incident-light intensity or the incident angle. However, self-pulsations were not observed in these samples. In these experiments, we varied the incident laser beam focusing in a wide range from f ϭ 1000 mm to as low as f ϭ 15 mm. We must note here that there is no noticeable beam fanning in the case of a LiNbO 3 c-cut slab.
Self-pulsations are observed for only x-cut samples of LiNbO 3 (for which substantial beam fanning exists) and for absorbing layers (for which all-optical switching exists). Figure 6 represents experimentally recorded (on an X-Y recorder) self-pulsations of the transmitted intensity at a constant input intensity. A focused He-Ne laser beam is incident at different angles. It is surprising to see that, in Fig. 6(a) , we still register self-pulsations because, for this crystal-axis orientation and incident-light polarization, the beam fanning of the LiNbO 3 is more than tenfold weaker. 29 The form of the self-pulsations depends critically on the incident angle, e.g., changing it by only ϳ0.03°results in an increase in the period and the disappearance of the self-pulsations [ Fig. 6(d)] .
The strong dependence of the dynamical behavior on the angle of incidence is a result of the high mirror reflectivity and the thick LiNbO 3 slab that yield a small halfwidth filter resonance. In our experiments the incident angle is in the vicinity of the first transmission resonance. This angle varies as a result of the wedge of the LiNbO 3 slab. Consequently, the resonance is located at different angles with respect to normal incidence. The orientation of the wedge relative to the crystal axis and the plane of incidence also influences the conditions for interference in comparison with a perfectly parallel slab. We simulated the dynamical behavior of our structures by taking into account light absorption and heating but not beam fanning in the case of an anisotropic photorefractive layer in the structure. We used an algorithm that is analogous to the coupled thermo-optical multilayer model. 27 The temperature and the power distributions were found by the simultaneous solution of the heat equation and Maxwell's equations. The optical part computes the power distribution, the absorption, and the changes in the refractive indices and the layer thicknesses during heating, assuming an instantaneous response of the power distribution to the change in the temperature distribution. The slab (glass or LiNbO 3 ) was divided into a number of sublayers (200 or 300), and a linear thermooptical effect and thermal expansion were assumed. The thermal part calculates both the longitudinal and the transverse temperature distributions inside the thick slab. The time evolution of the temperature profile along the beam was calculated by use of the model of Abraham and Halley. 30 Two absorbing mirrors were considered to be two thin thermal layers with thermal sources inside (with Gaussian radial distributions). These simulations did not show any instabilities or self-pulsations of the transmitted intensity, although we varied the thermal constants of the layers across a broad range. We attribute this result to the large thermal-diffusion time of all the layers (including the slab) so that the temperature response of the multilayer structure was much slower than the optical response (the cavity build-up time). The lack of pulsations in the simulations is in agreement with our experiments-we did not observe such self-pulsations in samples with a glass or a LiNbO 3 c-cut slab for which no beam fanning was present.
We find that the modal theory of Haelterman and Vitrant 31, 32 is most appropriate for the description and the modeling of the observed bistability and selfpulsations. This theory greatly simplifies the numerical study of transverse effects and provides a deep understanding of the physical phenomena that are related to optical bistability, especially the roles of diffraction and the angle of incidence on the behavior of nonlinear Fabry-Perot etalons. On the basis of this theory and by use of linear stability analysis dynamical regimes that correspond to self-pulsing, frequency doubling, and chaos have been investigated. [33] [34] [35] [36] [37] Our experiments on LiNbO 3 x-cut crystals without coatings are illustrated in Figs. 4 and 5 (also see Refs. 6, 7, and 29) and show that beam fanning broadens the angular spectrum of the transmitted laser beam. The corresponding defocusing and its time of development are proportional to the beam intensity. The beam-fanning behavior is similar in LiNbO 3 x-cut samples that have either absorbing or lossless coatings. This similarity can be seen from the frames of Fig. 3 . The amount of fanning (defocusing) and the corresponding time for its development are proportional to the intracavity intensity. Hence coupling of the modal theory to the heat equation will make possible the correct modeling of the observed dynamical behavior.
CONCLUSION
Experimental results have been presented that demonstrate the appearance of self-plusations of transmitted light for the case of a LiNbO 3 x-cut resonator with absorbing layers in the mirrors. Such self-pulsations are absent in cases of similar LiNbO 3 c-cut and glass resonators, although bistable switching is still present. This finding shows that all-optical bistable switching has to be combined with photorefractive beam fanning to explain the observed dynamical behavior.
